Introduction
It is evident that today's machine tools are facing demands for increased power and speed, as shown by Ashok and Samuel [1] . The rapid development of the modern manufacture in producing high-speed motorized spindle could be observed from the area of machine tools application [2] . The working performance of machine tool is conditioned by the performance of certain vital assemblies. Particularly predominant are the spindle units, as the parameter units of machine tools, since they determine the accuracy and productively [3] . It is not only influences the machining precision of machine tools but also geometrical shape and surface roughness of work-piece [4] . Spindle-end radial-deformation is a variation of the actual axis of the spindle relative to ideal axis in the measurement plane within the specified. During high-speed machining, the radial expansion of spindle-tool-holder connection system under the centrifugal force could present. The expansion of spindle-end is always greater than that of the tool-holder, which causes clearance between connection surfaces of spindle-tool-holder. The existence of clearance at the connection not only decreased the contact stress of spindle-tool-holder connection, but caused an offset of tool-holder contrary to spindle, resulting in tool-holder bending under radial cutting forces, and seriously affecting the machining accuracy and surface roughness. Thus, the identification of the spindle-end radial-deformation under the high-speed has become very important.
In an earlier work, Cao and Li et al [5] considered the centrifugal expansion of rotating components, a dynamic model for the high-speed spindle bearing was given with experimental verification. In order to take the rotation accuracy of the spindle as a important point for achieving the desired form accuracy and surface roughness of machined component [6] . After this, many machine tool testing methods were adopted in many international standards such as American National Standards Institute (ANSI) and ISO, and ANSI especially drew up the standard for the test of the spindle [7] . Especially, radical deformation of the spindle is recognized as a significant source of error that affects the accuracy of the machine tools [8] . With the development of spindle researches, the thermal and mechanical behaviors of high-speed motorized spindles have become very difficult to predict for spindle designer and users [9] . Udup and Bisu [10] evaluated the temperature distribution and its effects on the axial and spindle radial-deformation, and designed a simulation procedure to simulate two numerical models to research this issue.
More important is to measure the deformation of the high-speed spindle system under working conditions. Many different methods and model of spindle deformation measurements have been provided [11] [12] [13] . As the rotation speed of a machining center spindle is in the order of 15000 r/min, high-frequency response sensing methods are required for spindle error measurement [14] . Laser-based measurement techniques could meet the needs of the measurements and have already been used [15, 16] , but it requires accurate calibration as the output characteristics of the laser beam is nonlinear with respect to the deformation of spindle due to the reflectivity of the target surface installed in the spindle [1] . Eddy current sensor perfectly meets the high-speed and accuracy requirements of spindle radial-deformation measurement. In most instances, the spindle radial-deformation measurement is affected by inherent error sources such as sensor offset, thermal drift of spindle, centering error, and form error of the target surface installed in the spindle [17] . Various processing and measuring methods were suggested by the researchers to eliminate the unwanted contributions in spindle error data. However, it is difficult to implement these methods in a machining center due to space limitations and high-speed conditions.
In this paper, a dynamic real-time experiment for radial-deformation of spindle-tool-holder measurement is proposed and the corresponding experimental results are reported. After analyzing of experimental results and ANSYS simulation results, the feasibility and accuracy of the test method is further demonstrated the analysis of 7:24 tapered spindle-tool-holder connection, and this paper also suggests two methods for improving 7:24 tapered spindle-tool-holder connection performance.
FEA Analysis of the spindle-tool-holder connection

Forces Analysis of Spindle-tool-holder Connection
The centrifugal force of the tool system increases gradually as the speed increases, when the speed reaches over 8000 r/min, the centrifugal force will become the main load on the tool system [18] . The spindle and tool-holder are only affected by the radial centrifugal force under constant angular velocity. This is regarded as a static problem and its shear stress component is zero [19] . The tangential rigid deformation component caused by the rotation of the spindle and tool-holder could be ignored, and only relative deformation part is considered in the analysis, thus the single-valued condition of deformation component could be ensured. Therefore, the radial centrifugal force regarded as the radial force act on the spindle and tool-holder, the problem could be solved as an axisymmetric plane stress problem.
For the material of spindle is very similar with tool-holder's, it is assumed that the materials of spindle and tool-holder are identically elastic-plastic behavior in this paper. Fig.1(a) is BT50 spindle-tool-holder connection simplified structural illustration without considering some details such as the keyway, and Fig.1(b) is the cross section shape of spindle-tool-holder connection. The equilibrium equation of rotating simulating tool, which is considered as the tool mounted on the spindle, could be expressed by the following Eq. 1 [20] . 
Where r σ is the radial stress, θ σ is the tangential stress, ρ is the material density, ω is the angular speed around the central axis.
The elastic constitutive equation is performed from Eq. 2.
Where ν is the Poisson ratio, E is modulus of elasticity. And the geometric equation could be expressed by Eq. 3.
Therefore, the stress component can be obtained based on the above formulas as following. 
The radial-deformation of the rotating simulating tool, which is deduced from the elastic constitutive equation and the geometric equation, are given by Eq. 5.
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Based on the aforementioned, the deformation amount of simulating tool at any radius could be calculated as Eq. 6. 
Where 1 C and 2 C is two constants. The clearance between the spindle and tool-holder is zero in working condition. Regardless of the shrink range that is caused by cone connection fit, the boundary conditions are Eq.7 and 8. 
Where Eq. 7 is the values for the stress carried by spindle's inside radius and it's outside radius, and Eq. 8 is the values for the stress carried by tool-holder's inside radius and it's outside radius.
The boundary conditions are substituted into Eq. 4 and Eq. 6 to calculate the radial-deformation components. When the spindle and tool-holder rotate around its central axis by isometric speed ω, under the action of the radial centrifugal force 
For the spindle-tool-holder connection system, the spindle radius b and tool-holder radius a are the constants. If the material of the spindle and tool-holder is selected, the elastic modulus, Poisson ratio and density could have been fixed. In the machining process, the radial-deformation of the spindle-tool-holder connection and the clearance between them is only related to the rotation rate, and the clearance between the spindle and tool-holder increases with the spindle rotation rate.
As shown in Fig.1 , the radial clearance would change with the connection radius if the angular velocity could be constant, and it makes the connection clearance of the big-end bigger than that of the small-end. Therefore, in the clearance calculation , the connection clearance of the small-end must meet the permission scope as long as the connection clearance of the big-end is within the allowable range for using it.
FEA Model of the Spindle-tool-holder
Under high rotation speed, the spindle and tool-holder experience the stresses caused by interference fit and the centrifugal stress [21] . The spindle-tool-holder connection belongs to the complex contact problem of nonlinear boundary condition. The interface presents complicated contact state and stress state. The finite element method and ANSYS analysis software are used in this paper to establish flexible-flexible contact analysis. The contact boundary conditions could be determined through analysing nodes on the target surface as well as the relationship between degrees of freedom of the contact surface and the consistency of deformation. Then baised on the variational principle of the boundary deformation coordination we start to simulate the complex contact surface problems and dynamic contact problems.
(a) (b) Fig.2 . The spindle-tool-holder radial-deformation at N=10000r/min-18000r/min, and interface gap Fig.2 (a) shows the radial-deformation of the spindle-tool-holder connection at the rotating speed of 15000 r/min and the drawbar force of 15000N. In Fig.2 (b) The spindle-tool-holder connection of the radial-deformation diagram at the maximum diameter is obtained through ANSYS analysis for the spindle speed of 10000-18000 r/min.
It can be seen from Fig.2 (a) that the maximum radial deformation of the spindle taper hole at maximum radial is 1.86 µm, and the maximum radial deformation of the tool-holder is 1.44 µm at maximum radial. So the gap between spindle and tool-holder is 0.42 µm. it also can be seen from Fig.2 (b) that the gap increases with spindle speed nonlinearly and the maximum gap at spindle speed 18000 r/min is about 1.65 µm. The simulated results shows that 7:24 taper holder at pull force N=15~18kN could be used in the high speed spindle machining tool at 15000 r/min and even more.
Measurement principle
The radial-deformation of the spindle-tool-holder is needed to be measured to verify the simulation results. However, the tool-holder is assembled in taper hole of spindle, so the deformation of the tool-holder and the small-end of spindle is impossible to be directly measured, the only way to verify the simulation results is to measure the radial-deformation of spindle at the big-end and then to evaluate the gap at the small end according to the model. Furthermore, the speed range suitable to high-speed machining of spindle-tool-holder system could be obtained by testing the spindle radial-deformation.
A dynamic real-time experiment for spindle radial-deformation measurement at the speed range of 10000~15000 r/min is proposed in this section to verify the simulation results of spindle-tool-holder system and furthermore to confirm what is the suitable high-speed range for the spindle-tool-holder system to be at a good working condition.
Sensors distribution
A dynamic real-time experiment for spindle radial-deformation measurement is described with Four-point method. In present work, simulating tool was used to reflect the performance of spindle-tool-holder connection. The experiment system for the radial-deformation measurement of the spindle-tool system is shown in Fig.3 .
In one measuring route, the installation of the sensor 1 and 2 is shown in Fig.3 (b) . For measuring rotation accuracy of spindle, three MICRO-EPSILON eddy NCDT 3010sensors, which is a non-contacting displacement measuring system operating on the eddy current principle, with 0.1 µm of static repeatability, made in Germany and used for measuring targets made of electrically conductive materials that may be either ferromagnetic or non-ferromagnetic, are mounted in orthogonal directions on a mounting bracket which is installed on the spindle housing. The sensors 1 and 2 are maintained at the same distance of their surface to the simulating tool [4] , and the sensor 3 measures axial center deformation of simulating tool to be installed on the axial spindle center. Fig.4 is the test bench for spindle radial deformation. Under no-load running state, the spindle axial deformation could be measured through deformation change between the eddy current sensor and the simulating tool. The change of distance between the probe coil and the simulating tool is transformed by eddy current sensor into the change of three parameters which are equivalent inductance of the coil, equivalent impedance and quality factors. These three parameters could be converted into voltage signal by adding corresponding preamplifier, and then transferred to the computer through A/D converter to be processed through LMS.Test.lab to get the deformation digital signal of spindle-tool system. In another measuring route, the installation of laser deformation sensor is shown in Fig.4 . One KEYENCE LK-G80 laser sensor with 0.1 μm of repeatability accuracy and ±0.25% F.S of linearity, made in Japan, is mounted on the spindle-end for measuring radial-deformation of spindle-tool-holder.
The measured deformation data is processed by the LK-Navigator software, and the measurement of deformation of the simulating tool could be calculated into the deformation of tool-holder's.
Finally, the computer synthesizes the two sets of dates that are collected from two measuring routes in the same experimental step.
Fig.4. the installation of laser deformation sensors
Process and Analysis of Spindle Radial-deformation
The experimental results of spindle radial-deformation are shown in Tab.1. It shows that the radial vibration of the spindle is smaller than 3 μm which is allowed by the precision machine tools. Therefore, within the speed range of 10000~15000 r/min it also shows that 7:24 spindle-tool-holder connection can be used to high-speed machining of 15000 r/min. Due to there probably exist the interference factors, including environment, working conditions and other man-made reasons in the measuring process, and it could not be ignored. And the spindle radial-deformation results include the thermal deformation and self-excited vibration deformation, the former is caused by spindle temperature rise which is generated through inner motor and bearings; the latter is caused by high-speed. For these reasons and based on the experimental results, although the testing results are larger than the spindle radial-deformation simulation results caused by spindle radial centrifugal force, the experimental result could visually reflects the characteristics of the spindle radial-deformation, and the changing trend of the experiment and simulation is accordant. So, the spindle-tool-holder connection radial-deformation simulation result is correct, and practicability of the experimental method in measuring spindle radial-deformation is further explained.
Tab
Conclusion
This study has used finite element method to analyze the spindle-tool-holder connection characteristics varied with rotation speed, as well as the deformation rule of spindle-tool-holder connection.
The study shows that the axial tension should be increased appropriately to enhance the magnitude of interference and coupling stress between contact surface, therefore the reliability and processing quality of 7:24 tapered spindle-tool-holder could be improved. ANSYS results of the gap between spindle-tool-holder connection interfaces verify that 7:24 taper tool-holder could be used for high-speed machining center spindle-tool connection with the spindle-speed of 15000 r/min, and whirling speed of 7:24 taper tool-holder is 18000 r/min at the the drawbar F=15~18 KN. With increasing spindle rotation speed, the processing value of big-end of spindle taper is 0.5 μm lower than standard 7:24 spindle taper big-end, thus could make up for the spindle orifice expansion caused by high-speed centrifugal force, then reduce the clearance between the spindle and tool-holder, and improve spindle-tool-holder coupling performance.
According to the proposed dynamic real-time experimental method for spindle radial-deformation measurement , the spindle radial-deformation for spindle-tool system is tested at 10000~15000r/min. The test results compared with ANSYS simulation result demonstrate the feasibility and accuracy of the test method.
